A study on late Pliocene and Quaternary calcareous nannofossils from the eastern flank of the Juan de Fuca Ridge was carried out to provide a detailed biochronology for sediments recovered during Leg 168 and to investigate the effects of hydrothermal circulation and turbidite activity on diagenesis of nannofossils.
INTRODUCTION
The Juan de Fuca Ridge is a seafloor spreading center lying 300-400 km off the coast of North America (Vine and Wilson, 1995) . Hydrothermal activity in the region has been observed (Baker et al., 1987; Davis and Fisher, 1994; Ginster et al., 1994) . The eastern flank of the Juan de Fuca Ridge is covered by upper Pliocene and Quaternary sediments. These sediments seal and host hydrothermal fluid flow, confining fluids in the crust at high average temperatures and leading to hydrothermal alteration of minerals in sediments (Lister, 1970; Davis, Mottl, Fisher, et al., 1992; Davis and Currie, 1993; Davis and Fisher, 1994) .
The objective of Leg 168 was to study several common hydrothermal regimes that occur on the eastern flank of the Juan de Fuca Ridge (Davis, Fisher, Firth, et al., 1997) . During Leg 168, 12 holes at 10 sites were drilled along a transect spanning oceanic crustal ages from 0.6 to 3.6 Ma with sediment thicknesses varying from 50 to 620 m (Table 1; Figs. 1-3). These sediments contain calcareous nannofossils with a variety of abundance and preservation states.
Previous studies of calcareous nannofossils from the high latitudes of the northeast Pacific dealt with nannofossil zonations (Gartner, 1970; Bukry and Bramlette, 1970; Bukry, 1971a Bukry, , 1971b Bukry, , 1973 Bukry, , 1981 Haq and Lipps, 1971; Hay, 1971; Wise, 1973; Worsley, 1973) . Mao and Wise (1994) studied calcareous nannofossils from the Middle Valley of the Juan de Fuca Ridge and determined two upper Quaternary biostratigraphic zonations for sediment sequences of Leg 139.
Very few previous studies dealt with diagenesis of nannofossils subjected to hydrothermal activity. Mao and Wise (1994) first observed that nannofossils were strongly dissolved due to hydrothermal activity when high temperatures ranged from about 65° to higher than 200°C. In the area of Leg 168, on the eastern flank of the Juan de Fuca Ridge, basement temperatures are low, varying from 15° to 62°C (Davis, Fisher, Firth, et al., 1997) . Leg 168 materials allow us to investigate the effect of low-temperature hydrothermal alteration on diagenesis of nannofossils.
Sediments from the eastern flank of the Juan de Fuca Ridge are dominated by turbiditic depositions. The effects of turbidites on the postdepositional preservation of nannofossils should be considered and examined.
For the reasons above, the nominal objective of this study is to provide a detailed biochronology for Pliocene and Quaternary sediments of Leg 168. Another aim of this study is to investigate the effects of hydrothermal circulation and turbidite activity on the postdepositional variations of nannofossils.
MATERIALS AND METHODS

Materials
The sediment region on the eastern flank of the Juan de Fuca Ridge belongs to the Cascadia Basin off the coast of North America.
Quaternary sediments were obtained from all Leg 168 sites. Lithostratigraphically, they are mainly composed of thin-bedded turbidites (silt to sandy silt), thick-bedded sandy turbidites, and/or hemipelagic mud. These turbidite sediments are supplied from Pleistocene glacial sources along the continental margin. Upper Pliocene sediments were recovered only at Site 1027 and are characterized by hemipelagic mud and carbonate-rich mud (Davis, Fisher, Firth, et al., 1997) .
We examined 804 nannofossil samples from 12 holes at the 10 sites (Table 1) . These samples span, commonly, 20-150 cm of depth in core and were usually carefully selected from hemipelagic mud layers where nannofossils are common to abundant. However, samples from long sequences of thin-bedded turbidites were also taken to obtain enough time resolution. In these samples, nannofossils are rare or barren.
Generally, nannofossils of Leg 168 are well preserved in most sediments. Nannofossil age assignments were based mainly on samples in which nannofossils are well preserved.
Methods
Smear slides were prepared using standard techniques. For species analyses, relative counts were made and nannofossils were examined by means of a light microscope (LM) at 1200× to 2000× magnifications. Most Quaternary nannofossil species are too small to be identified accurately using LM; thus a number of samples were selected to ensure determination by means of scanning electron microscope (SEM) at ~10,000× magnification.
The relative group abundance (RGA) of total nannofossils in sediments was estimated by using a semiquantitative technique (e.g., roughly determining relative counts of nannofossils and other sediment particles within view fields on smear slides).
Calcareous nannofossils are built by delicate CaCO 3 elements. In deep-sea sediments, carbonate precipitation results in recrystallization of CaCO 3 elements of nannofossils, and they become larger or thicker, resulting in overgrowth of nannofossils. Carbonate dissolution leads nannofossils to be partly etched or totally dissolved. Both overgrowth and dissolution of nannofossils can be seen by using a microscope. Stages or degrees of overgrowth and dissolution can be estimated by a number of semiquantitative methods (Roth and Thierstein, 1972; Roth et al., 1975) . In this study, nannofossil preservation was examined by means of LM, and the qualitative and quantitative estimation of degrees of dissolution and overgrowth was made using the computer program FossiList, as shown in Table 2 .
In the Quaternary, a few Gephyrocapsa species are used as biostratigraphic markers. The method for separating and identifying Gephyrocapsa species follows Su (1996) . Nannofossil datum ages used for Leg 168 are based on Su (1996) and on Shipboard Scientific Party (1997, Leg 167, California Margin) . These datums are calibrated to the Cande and Kent (1995) time scale.
RESULTS OF BIOSTRATIGRAPHY
Biochronology for Pliocene and Quaternary Sediments
About 22 nannofossil species/taxa were recognized (Table 3) . The nannofossil assemblage in the Juan de Fuca region is characterized by low species diversity and abundant cold-water species, such as Coccolithus pelagicus, Gephyrocapsa muellerae, G. caribbeanica, and abundant cosmopolitan species (e.g., Emiliania huxleyi). A few temperate-water species (Helicosphaera carteri, H. sellii, Reticulofenestra asanoi, etc.) are infrequent in hemipelagic layers. Tropical and subtropical species, such as the Pliocene marker species Discoaster, are absent. As a result, only a number of Quaternary nannofossil datums are useful for Leg 168.
During Leg 168, a number of Quaternary nannofossil events were suggested and used for the Quaternary sediment sequences in this Figure 3 . A. Biochronoloy and age models of Leg 168 sites, as well as correlation between the sites. Nannofossil zones (Martini, 1971) were also plotted as an age reference. Large variations in sedimentation rates between sites are probably due to topography in this area. B. The duration of sedimentation hiatus between initial sedimentation and basalt. C. Topography of basement in this area and detailed location of Leg 168 sites.
area. In the postcruise study, these datums were further examined.
The relative abundance of all these marker species at the 10 sites was determined. To give an example of these quantitative analyses, plots of a few marker species at Sites 1031 and 1027 are presented in Figure 4. The determination of the base of Emiliania huxleyi was made by means of SEM to distinguish them from same-sized Gephyrocapsa species.
The base of acme E. huxleyi was determined by the distinct increase in relative abundance of this species and based on a correlation of this level among sites studied (Fig. 4) .
Due to reworking, it is difficult to determine the last occurrence of Gephyrocapsa lumina (Fig. 4) . Its last common occurrence was used, based on good agreements in correlation between sites (Table  4 ). The top of Calcidiscus macintyrei was determined in the same manner. The top of G. caribbeanica was selected for biostratigraphy during Leg 168, but it is not used in the present study because its last common occurrence varies largely from site to site (Fig. 4) . Its last occurrence at Site 1027 is apparently much later than at other sites, due to major reworking from strong turbidite activity since the last 0.28 Ma, when a large number of very thick sand beds and sandy debris-flow deposits, with high sedimentation rates, accumulated in this buried valley (Fig. 3A, C) .
During Leg 168 the determination of the top of P. lacunosa was difficult because this species was not recognized at Sites 1024 and 1025. In the shorebased study, samples from the lower parts of the sections at these two sites were examined by SEM, and this species was found to be present in these samples. When examined only by LM, these small varieties are difficult to separate from same-sized Emiliania coronata coccoliths, as well as from same-sized Gephyrocapsa coccoliths that have lost their bridges due to dissolution. Furthermore, they occur rarely in the upper Pleistocene sequences at these sites. Thus, the top of P. lacunosa was determined by examination with SEM after the cruise (Table 4) .
As a result, the depths of these fossil events at all sites, as shown in Table 4 , are more or less different from those in the Initial Reports of Leg 168 (Davis, Fisher, Firth, et al., 1997) .
Because of the absence of upper Pliocene marker species, such as Discoaster species, a subdivision of the upper Pliocene sediment sequences was not made. On shipboard study, an age of younger than 3.5 Ma was estimated for the basal sediments at Site 1027, because the sediments do not contain large forms of R. pseudoumbilicus (>7 µm; LAD = 3.6 Ma). The nannofossil assemblage below Core 168-1027A-52X is characterized by the dominance of small-to mediumsized Reticulofenestra species: R. minutula, R. minuta, and R. productella. An abundance zone of these three species was recognized and can be correlated to the assemblage at Deep Ocean Drilling Program (DSDP) Leg 94, Site 610 from the northeast Atlantic (Fig. 5) . Ages of Site 610 sediments were calculated based on geomagnetic data (Su, 1996) , and are therefore reliable. Based on the correlation, an age of about 3.13 Ma was estimated for the base of the abundance zone, and an age of about 3.2 Ma was estimated for the basal sediment, the earliest sediment recovered by Leg 168.
Ages of all nannofossil samples at Site 1027 were calibrated by interpolation of the depths and ages of the nannofossil datums at this site (Table 4; Figs. 3, 5) . The Pliocene/Pleistocene boundary was determined after Harland et al. (1990) , who suggested an age of 1.64 Ma for this boundary. This data was further recalibrated to the Cande (Bukry 1975 ) Gallagher 1989 and Kent (1995) time scale, and the correlated age for this boundary is 1.75 Ma. As a result, the Pliocene/Pleistocene boundary is placed at the depth 458.87 mbsf (1.746 Ma) at Site 1027.
Sedimentation Rates and Hiatuses
Based on nannofossil datums (Table 4) , variations of sedimentation rates at the 10 sites were estimated (Fig. 3A) . Generally, high values (>20 cm/k.y.) are commonly seen, varying largely from site to site. Since the last 0.09 Ma, for example, they vary from 4 cm/k.y. at Site 1031 on a crest, to 34.44 cm/k.y. at Site 1028 located on a valley nearby, and then to 45.66 cm/k.y. at the deepest valley Site 1027 (Fig.  3A, C) , which leads to the suggestion that high values mostly resulted from strong turbiditic activity in these valleys. This agrees with lithologic observations of Leg 168, and more turbidite beds were found at these sites in valleys (Davis, Fisher, Firth, et al., 1997) . The sedimentation rate is lower during the late Pliocene than in the Quaternary. A value of 10.19 cm/k.y. was estimated for the upper Pliocene hemipelagic mud and carbon-rich mud deposits. Sedimentation rates increased with the beginning of the Quaternary, and numbers of turbidites beds occur in the Quaternary sequences . These turbidite sediments are supplied from glacial sources along the continental margin ; increased sedimentation rates in the Quaternary therefore imply that the amount of the input of turbiditic materials into this region is larger than in the late Pliocene, due to intensified glacial/interglacial climate changes since the Quaternary.
Variations in sedimentation rate during the Quaternary were also noted. In the early period of the Quaternary (1.75-0.90 Ma), sedimentation rates in this area are relatively low, varying from 7.56 to 16.00 cm/k.y. at Site 1027 (Fig. 3A) . Hemipelagic mud layers that formed in this period were recovered not only at Site 1027, but also from the lower sections at Sites 1031, 1028, 1029, 1032, and 1026. Since the last 0.46 Ma, sedimentation rates increased distinctly, showing high values (>30 cm/k.y) at most of the sites studied. This is consistent with results of shipboard lithostratigraphic studies which recognized a large number of thick sand beds of late Quaternary age at these sites (Davis, Fisher, Firth, et al., 1997; Figs. 6-8) .
Based on geomagnetic data obtained during Leg 168 and nannofossil data in this study, a comparison of ages of basal sediments and basements at all Leg 168 sites was made (Fig. 3B) . The ages of basal sediments are consistent with their basement ages, although they are much younger than the later sediments, indicating a hiatus between the onset of sedimentation and the crustal formation in this young seafloor-spreading area. The shortest hiatus (~0.1 Ma) was observed at Site 1023 and is located about 23 km from the axis of the Juan de Fuca Ridge. The significant hiatuses are >1.47 Ma at Site 1032 and >1.68 Ma at Site 1026. An increase in the duration of these hiatuses from the western sites to the eastern sites was noted (Fig. 3B) . Sedimentation hiatuses in the studied area are probably due to strong bottom currents or inclined seafloor in the early stages of sedimentation. For example, the duration of the hiatus at Site 1026 is estimated to be >1.68 Ma. According to shipboard observations (Davis, Fisher, Firth, et al., 1997) , in the deepest strata from Hole 1026C, color bands and Zoophycos traces are inclined at apparent dip angles of 15°-20°, and there are also several offsets along small normal faults, indicating the early stages of sedimentation occurred on a steeply inclined seafloor.
OBSERVATIONS AND DISCUSSIONS ON POSTDEPOSITIONAL VARIATIONS OF NANNOFOSSILS
Figures 6-8 show plots of nannofossil RGA and nannofossil overgrowth and dissolution stages at each Leg 168 site with the exception of Sites 1024 and 1032, because nannofossil records at Site 1024 are similar to those at Site 1023, and sediments above 184.5 mbsf at Site 1032 were drilled.
In these figures, lithostratigraphic data, geochemical data (carbonate content, and calcium and pH of pore water), and data from temperature measurements, which were obtained by shipboard studies, were plotted for comparison.
In addition, during Leg 168, 10 individual sites were grouped into three operational "super sites" according to geographic area, represented process, and primary objectives. 
Effects of Turbidites on Nannofossil Records
According to shipboard lithostratigraphic studies (Davis, Fisher, Firth, et al., 1997) , sediments recovered at most sites were divided into three subunits or units: Unit II, which is comprised of hemipelagic mud and carbonate-rich mud; Subunit IB, which contains interbedded silt turbidites and hemipelagic mud; and Subunit IA, which is composed of sand turbidites, silt turbidites, and hemipelagic mud. These sites are Sites 1023-1029 and 1032, which are located in valleys on the eastern flank of the Juan de Fuca Ridge (Fig. 3C ) and therefore received more turbiditic materials. Reference data of lithostratigraphic units; profiles of carbonate content, calcium, and pH; and data from temperature measurements are from Davis, Fisher, Firth, et al. (1997) .
Downhole variations in nannofossil RGA were noted at Sites 1023, 1028, and 1027 (Figs. 6A, 7C, 8B) . High values (>40%) of nannofossil RGA occur mainly within Unit II and Subunit IB, and low values (<30%) were found within Subunit IA. Subunit IA at Sites 1027 and 1026 contains numbers of thick sand turbidites, where nannofossil RGA are commonly lower than 1% (Fig. 8B) . The sedimentation variations at these sites suggest an increase in input of turbiditic materials from Unit II to Subunit IA. An upward reduction of nannofossil RGA in correlation with an increase of turbiditic materials at these sites can be clearly seen from Figures 6-8.
What is the Effect of These Turbidite Materials on Nannofossil Records?
Site 1031 is located on a ridge crest with thin (~40 m) sediment cover that is composed of hemipelagic mud with rare silt interbeds, being less affected by turbidites. Values of nannofossil RGA at Site 1031 range commonly from 20% to 80%, showing highest values among all Leg 168 sites. Based on our biostratigraphic results, sediments above 18 mbsf at Site 1031 and those above 200 mbsf at Site 1027 are formed during the same period after 0.46 Ma (Fig. 3A) . In this time interval, nannofossil RGA values (10%-20%) at Site 1031 are >10 times higher than those (<1%) at Site 1027.
The above evidence suggests that variations in nannofossil RGA through time and among sites in the Juan de Fuca Ridge are largely affected by dilution of turbiditic materials and thus do not reflect the real variations in production of this group of microfossils.
Downhole Variations of Nannofossil RGA and Carbonate Content
Figures 7A and 8B illustrate downhole variations in nannofossil RGA and in carbonate content of sediments at Sites 1031 and 1027.
A correlation between these two different curves suggests they have similar downhole variation patterns. In addition, this correlation Reference data of lithostratigraphic units; profiles of carbonate content, calcium, and pH; and data from temperature measurements are from Davis, Fisher, Firth, et al. (1997). also suggests that the method of semiquantitative determination of nannofossil RGA produced reliable nannofossil data.
In the lower part of the section at Site 1027, several CaCO 3 peaks are distinct (e.g., peaks VIII, IX, and XII; Fig. 8B ), whereas the nannofossil RGA curve indicates that it is barren of nannofossils. From the records of nannofossil overgrowth we can see that the maximum overgrowth (Stage 6) of nannofossils occurred in these layers. In Stage 6, nannofossils have changed into calcareous debris, and no nannofossil species can be identified; thus the RGA values are low. Therefore, this discrepancy between records of nannofossil RGA and carbonate content is seen as a result of hydrothermal alteration.
In addition, values of nannofossil RGA are generally higher than those of CaCO 3 . At Site 1031, the nannofossil RGA value at peak II is 80%, whereas the value of carbonate content is 60% (Fig. 7A) . This is mostly due to differences in sampling. Most nannofossil samples were carefully collected from thin-and fine-grained hemipelagic layers that are more rich in nannofossils, whereas the data from a CaCO 3 sample is the mean value for about a 2-cm sediment interval, which may contain turbidite layers, and the carbonate content in these layers is diluted.
Overgrowth of Nannofossils
Definitions of nannofossil preservation stages are given in Table  4 . A number of Leg 168 samples do not contain any nannofossils, and no determination of nannofossil preservation was made. The "0" stage is added for these samples in plots of overgrowth and dissolution stages (Figs. 6-8) .
Along the Hydrothermal Transition Transect sites (Fig. 6) , only one sediment sample near basement at Site 1025 contains slightly overgrown (Stage 2) nannofossils.
Overgrown nannofossils were found in all Buried Basement Transect sites, mostly from the lowest sediments lying directly on basements (Fig. 7) . Exceptionally, slightly to very strongly overgrown nannofossils were also seen from a few samples in the interval from 61.1 to 67.45 mbsf at Site 1028. Reference data of lithostratigraphic units; profiles of carbonate content, calcium, and pH; and data from temperature measurements are from Davis, Fisher, Firth, et al. (1997) .
Along the Rough Basement Transect sites (Fig. 8) , slightly to strongly overgrown nannofossils were observed in a number of samples below 1.75 mbsf at Site 1026 and below 280 mbsf at Site 1027; above these depths only two samples contain slightly overgrown nannofossils. In a number of samples (e.g., peaks IV, VI, VIII, IX, X, and XI at Site 1027), nannofossils were changed into calcareous debris, so that nannofossil RGA values are very low. Among all Leg 168 sites, Site 1027 contains the most abundant layers with overgrown nannofossils and the longest interval (>300 m) in which hydrothermal alteration observed.
In general, there is a gradual increase in overgrowth degrees and numbers of sediment layers from the western sites towards the eastern sites. This phenomenon suggests a correlation with the heat flow profile along the eastern flank of the Juan de Fuca Ridge. Now it is of considerable interest to know if hydrothermal circulation in this area affects the preservation of nannofossils and, if so, how this is accomplished.
Normally, we know that the overgrowth of nannofossils in sediments, either by recrystallization or carbonate precipitation, is mainly controlled by the variation in composition of pore fluids in sediments. Our knowledge about the effect of hydrothermal alteration on diagenesis is very limited. Mao and Wise (1994) found that nannofossils preserved in sediments of the Middle Valley of the Juan de Fuca Ridge were strongly dissolved due to hydrothermal activity with high temperatures (65°->200°C).
Does hydrothermal alteration, and especially low-temperature alteration, also affect the recrystallization of nannofossils? Now we need to examine various possible control factors one by one.
Temperature and Heat Flow
Among the western sites (Fig. 6) 2 ) is much higher than that at Site 1025, and the overgrowth degree of nannofossils at Site 1031 is stronger (Stage 4) than that at Site 1025 (Stage 2). On the other hand, the nannofossil overgrowth stage at Site 1031 is weaker than that at Site 1029 (Stage 5). These facts suggest that temperature and heat flow play an important role in recrystallization of nannofossils, and that they often show a combined effect. The comparison of these data at Sites 1023 and 1025 suggests that the hydrothermal alteration of nannofossils occurs above a certain temperature or heat flow value; the lowest temperature is probably 30°C, according to the highest level of overgrowth at Site 1027.
There is a general decreasing upward trend in degrees and occurrences of overgrowth of nannofossils at Sites 1027, 1026, 1029, and 1028, in correlation with the decrease in temperature and heat flow in sediments . This indicates that the hydrothermal alteration of nannofossils decreases in correlation with the reduction of heat flow and temperature.
Furthermore, we noted that the upward decrease in degree and occurrence of overgrowth of nannofossils at Site 1027 is more gradual than at other sites. In this case, the thermal gradient in sediments should be considered. At Site 1027, the thermal gradient (0.103°C/m) is lowest among all sites, which leads to the gradual reduction of heat flow and temperature at this site.
Variation in Composition of Pore Water
It would be beyond the scope of this study to discuss this topic in detail. Only profiles of calcium and pH were therefore selected for comparison.
From Figures 6-8 we saw that an increase of calcium can be correlated to an increase in nannofossil RGA value and carbonate content, and vice versa. Samples that contain overgrown nannofossils occur commonly within the intervals where calcium increased and pH units were high.
Hemipelagic Layers
Layers that contain overgrown nannofossils mainly occur in the lower part of the sections at Sites 1025, 1028, 1029, 1026, and 1027, because they are hemipelagic layers (e.g., peak I at Site 1025; peak II at Site 1029; peaks III, VI, and VII at Site 1027; Figs. 6-8) .
Why does calcite overgrowth of nannofossils occur in hemipelagic layers rather than in turbidite beds in which nannofossils are very few or absent? One possibility is that abundant nannofossils, probably together with planktonic foraminifers that also occur commonly in these hemipelagic layers, provide calcite materials for the reactions of hydrothermal fluids with sediments.
Dissolution of Nannofossils
Dissolution of nannofossils was seen in all Leg 168 sites, showing a variety of stages between sites and downhole intervals. Generally, slightly etched to moderately dissolved nannofossils were found at the Hydrothermal Transition Transect sites and the Rough Basement Transect sites. Moderately dissolved to very strongly dissolved nannofossils were observed among the Buried Basement Transect sites .
The composition of coccolith skeletons is pure calcium (with low Mg); coccoliths are therefore significantly resistant to dissolution (Bukry, 1971a; Cook and Egbert, 1983; Steinmetz, 1994) . Degrees of dissolution of biogenetic carbonate particles in sediment are controlled by a number of factors, including (1) selective dissolution, (2) water depth and carbonate cycles, and (3) variation in composition of pore fluids in sediments. A brief discussion on these factors is given below.
1. Selective dissolution exists between nannofossil species with different ultrastructures. Nannofossils found in Leg 168 sediments are mainly placoliths (Table 3) , such as Gephyrocapsa, Emiliania, Coccolithus, and Reticulofenestra, which are the taxa resistant to dissolution. Dissolution degrees presented in Figures 6-8 are not due to selective dissolution. 2. The calcite compensation depth (CCD) and the lysocline are important for the dissolution of nannofossils. The CCD lies at depths about 3300 m along margins of the Pacific basin, and the lysocline is found usually a few hundred meters above the CCD. Water depths of all Leg 168 sites are about 2574-2679 m (Table 1) , far above the CCD and the lysocline. Furthermore, if a strong dissolution layer is induced by the lysocline, this layer should occur in a certain time period and can be correlated between our sites. Such layers are not seen at Leg 168 sites. Therefore, the controls of the CCD and the lysocline can be ruled out. 3. The variation in composition of pore fluids in sediments in situ might be the main cause for our moderate to strong dissolution records.
For this reason, we selected pH data from shipboard pore-water geochemical studies for comparison . These irregular nannofossil dissolution records can be well correlated to the pH records at each site. In the most cases, the dissolution peaks of nannofossils parallel low pH values (peaks a and c at Sites 1023 and 1025; peaks a-c at Site 1031; peaks a-b at Site 1030; peaks a-f at Site 1028; peaks a-i at Site 1029; and peaks a-e at Sites 1026 and 1027) and vice versa. A few peaks are not correlated, because of different sample intervals of these two sets of data (e.g., nannofossil peak "?b" at 30 mbsf at Site 1028, which is located just within the interval of two samples of pH data).
The correlation between nannofossil dissolution and pH data indicates that nannofossils are very sensitive to pH variations in sediment columns. The reduction of pH in sediments will result in dissolution of nannofossils.
Moderately dissolved nannofossils through the sediment sections at Sites 1031 and 1032 are further connected to the pore-water upward flows at these two sites. The upward flow at Site 1031 was faster than that at Site 1030 (Davis, Fisher, Firth, et al., 1997) ; as a result, more layers containing moderately dissolved nannofossils are found at Site 1031.
Now we obtain a detailed correlation between nannofossil dissolution and variations in pore water. The variation in pH values is a result of complicated variations in concentrations of various elements. Based on studies of fluid geochemistry during Leg 168, pore fluids are affected by a number of processes, including their reactions with rocks in basement and overlying sediments, which involves numerous diagenesis processes and hydrothermal activity (Davis, Fisher, Firth, et al., 1997) . This study, however, is still unable to discuss the mechanisms of pore fluids on nannofossil dissolution in detail. Results from postcruise geochemistry studies would give more details about these changes.
CONCLUSION
The nannofossil assemblages in the studied area are characterized by low species diversity and by the dominance of cold-water forms or cosmopolitan species.
A detailed biochronology for Quaternary sediments on the eastern flank of the Juan de Fuca Ridge was obtained, providing basic knowledge for various studies related to Leg 168 and to the area of the Juan de Fuca Ridge. The upper Pliocene sequences at Site 1027 do not contain any upper Pliocene marker species, such as Discoaster species. An age of 3.2 Ma or younger was estimated for these sediments based on results from analyzing nannofossil assemblages. Based on the resolved biochronology, sedimentation rates of sediment sequences at these 10 sites and their variations were determined. A sedimentation hiatus between basal sediments and basements in this young seafloor region was observed.
A number of results suggest that variations in nannofossil RGA in the Juan de Fuca Ridge, affected by dilution of turbiditic materials, do not reflect the real variation in production of this group of microfossils.
This study found that calcite overgrowth of nannofossils is controlled by temperature, heat flow, thermal gradient in sediments, and the variation in composition of pore water, as well as the supply of calcite materials in sediments. These results provide a detailed knowledge about the effects of low-temperature hydrothermal alteration on diagenesis of nannofossils.
Nannofossils are very sensitive to variations of pore-water pH in sediments: a reduction in pH resulted in the dissolution of nannofossils. The dissolution of nannofossils at Sites 1031 and 1032 were also directly affected by the pore-water upward flows at these two sites.
A few records of nannofossil preservation suggest that the effects of hydrothermal activity on diagenesis of nannofossils might involve more complicated processes and mechanisms that we do not yet understand.
